Abstract-In this paper we propose a heuristic algorithm for the bistatic radar cross section for random rough surface scattering based on the phase perturbation approximation. The algorithm satisfies reciprocity, and the results, using a Gaussian roughness spectrum, are superior to those of the original phase perturbation method.
I. INTRODUCTION URFACE ROUGHNESS affects the propagation of a
S wave [l] . Because all naturally occurring surfaces are rough to some degree, wave scattering from rough surfaces is important in a variety of scientific and engineering applications, particularly in the field of remote sensing. For example, in microwave remote sensing, waves scattered from planetary surfaces can be used to analyze the characteristics of the surface [2] , [ 3 ] .
Over the past forty years a great deal of work has been done on the rough surface scattering problem, but no satisfactory solution has been obtained. The classical perturbation and Kirchhoff (or physical optics) methods are limited in their region of validity [4] , [5] . However, a new method, the phase perturbation technique [6] , shows some promise-it reduces to both the classical approaches in the appropriate limits and gives accurate results in a region when both classical methods fail [7] , [8] . Unfortunately, the equations for the bistatic radar cross section are not reciprocal.
In this paper we examine a simple heuristic algorithm for the bistatic radar cross section, based on the phase perturbation approximation, which satisfies reciprocity. The work is limited to scalar-wave scattering from onedimensional surfaces with a Gaussian roughness spectrum and Gaussian surface statistics for a Dirichlet problem. (Fig. l ) . The heuristic algorithm for the bistatic radar cross section is obtained directly from the equations for the phase perturbation and the reversed phase perturbation cross sections. It is chosen to exploit the advantages of both cross sections as well as to insure reciprocity. From the exact results available, we know that this corresponds to choosing the smaller of the two cross-section values for any given incident and scattered angles when the two cross-section values differ by a significant amount, and choosing the arithmetic average of the two when the values are approximately equal. One might wonder what physical significance, if any, this has. Physically, it corresponds to choosing the value of the phase perturbation cross section when multiple scattering of the incident field is important (generally true for low grazing incident angles), and choosing the value of the reversed phase perturbation cross section when multiple scattering of the scattered field is important (generally true for low grazing scattered angles) [7] , [8] , although this is a somewhat simplified view. When neither kind of multiple scattering is important, the cross sections give the same value and both are accurate.
FORMULATION
The algorithm used in this study is
where upp is the phase perturbation bistatic radar cross section, and aRPp is the reversed phase perturbation bistatic radar cross section. Equation (1) is manifestly reciprocal, and in the limit as n + m, it reduces to the smaller of the two cross sections as desired. this study, as n of 100 was used, although the results are virtually independent of n for large n. For an n of 100,
(1) gives results very close to taking the minimum of the two cross sections. It is of interest to note that for n = 1, (1) gives the harmonic mean of the phase and reversed phase perturbation cross sections. However, the original idea for the algorithm was inspired by the equation for parallel resistors. The equivalent resistance of two parallel resistors of significantly different resistances is approximately equal to the smaller of the two. When the resistances are the same, the equivalent resistance is half that value. For n = 1 , ( 1 ) has the same form as the equation for parallel resistors if the 2 is replaced by l . The use of a large n in (1) forces the value of a ( 8 , e,) to reduce to the value of the smaller of the two cross sections, even when the difference between them is small. In ( l ) , the phase perturbation cross section is given by 171
and ( 5 ) is the surface roughness spectrum. In the equations above,
is the scattered wave vector such that k, = m, where the square root is taken to be positive for k 2 > k j and positive imaginary for k 2 < k:, Bo is the incident angle, 8 is the scattered angle, k is the radiation wavenumber, h is the rms surface height, 1 is the correlation length, a n d
The reversed phase perturbation cross section aRPp is equal to the phase perturbation cross section app, with 8, replaced by -8 and 8 replaced by -8,. Equations (2)- (4) reduce to the first-order field perturbation result in the limit as kh -+ 0.
NUMERICAL RESULTS
To evaluate the usefulness of the heuristic algorithm it is necessary to compare results from the algorithm with numerical results obtained using Fig. 5 ) . The parameters kh and kl-where k is the radiation wavenumber, h is the rms surface height, and I is the correlation length-represent the surface roughness. The first example (Fig. 2) is one in which the Kirchhoff approximation is accurate away from low grazing angles. In this case k h is 1.29 and k I is 7.3 1. The second example (Fig. 3) is one in which neither classical method is accurate-kh = 0.67 and k l = 2.80. In each of these examples the incident angle is 45". The surface parameters in the third example (Fig. 4) are essentially the same as for Fig. 3 -kh = 0.67 and k l = 2.83-but the incident angle is increased to 80".
The phase perturbation, reversed phase perturbation, and exact results, as previously reported in [7] and [8] , are compared in Figs. 2(a), 3(a) , and 4(a), and the heu- The fluctuations in the integral equation result are due to the finite number of realizations used in the Monte Carlo ensemble average. The peak in the specular direction is due to the coherent component of the total scattering cross section. Its finite width is due to the finite length of each surface realization. In this paper we are concerned only with the accuracy of the incoherent component-that is, the bistatic radar cross section-so that the coherent component for each approximate method has not been included.
It is evident in Figs. 2-4 that the heuristic algorithm does what it was intended to do-weighting the values of the phase perturbation and reversed phase perturbation cross sections to give optimum results. In Figs. 2 and 3 , the angle of incidence is moderate (45") so that the reversed phase perturbation and exact results are in excellent agreement; the phase perturbation results are accurate away from low grazing angles. In Fig. 4 , the angle of incidence is large (80" ) so that the reversed phase perturbation and exact results do not agree well; again, the phase perturbation result is accurate away from low graz- ing angles. In Figs. 2 and 3 , the heuristic algorithm result is better than that of the phase perturbation method, and is as good as that of the reversed phase perturbation method. In Fig. 4 , the heuristic algorithm result is better than either that of the phase perturbation method or that of the reversed phase perturbation method. For an incident angle of 80", the specular coherent peak in the exact result occurs at a scattered angle of 80", thereby obscuring the behavior of the incoherent bistatic radar cross section at low-forward grazing angles, as shown in Fig. 4(a) . Thus, to facilitate comparison between the heuristic algorithm and exact results, the coherent peak has been removed from the total scattering cross section in Fig. 4(b) . An attempt was made to specify the region in kh-kl parameter space when the heuristic algorithm gives accurate results. An extensive numerical study shows that for incident angles of up to 45 ", the heuristic algorithm gives results accurate to within 1 dB over all scattered angles in the triangular hatched region shown in Fig. 5 .
For large incident angles (70-80" ) the results are accurate to within 1 dB over a large range of scattered angles in the same triangular region, as demonstrated in Fig. 4; for these cases, the accurate range does not extend to the large scattered angles associated with monostatic backscatter. No examples were examined for incident angles between 45" and 70". However, our understanding of the phase perturbation approximation leads us to believe that monostatic backscatter results would be accurate in the entire triangular hatched region of Fig. 5 for incident angles as large as 60". The region of validity shown in Fig.  5 is probably a conservative estimate. Cases were found when the heuristic and exact results agreed with each other over a large range of scattered angles beyond the region of accuracy indicated, but no systematic study was performed.
IV. SUMMARY
The original phase perturbation equations for the bistatic radar cross section are not reciprocal. In this study we examined a heuristic algorithm which guarantees reciprocity in the cross-section equations when the phase perturbation approximation is used. The results, using a Gaussian surface roughness spectrum, are superior to those of either the phase perturbation or reversed phase perturbation methods and agree well with the exact results obtained using a Monte Carlo integral equation technique. The region in k h-k 1 pararnetcr space over which the heuristic algorithm is accurate is shown in Fig. 5 . However. this is a conservative estimate; the actual region of accuracy may extend to significantly larger values of k l . 
